Abstract: Conformational flexibility of bioactive molecules poses a major challenge to computational biology. tCON-COORD generates structure ensembles based on geometrical considerations and has been successfully applied to predict protein conformational flexibility and essential degrees of freedom. We have now developed a graphical user interface (GUI) for tCONCOORD, which substantially facilitates the simulation setup and provides valuable insights into the structure analysis and constraint definition process in tCONCOORD. Moreover, users can influence the constraint definition process by interactively turning interactions on and off, defining completely rigid or flexible regions, or by applying artifical constraints that cause a biased sampling of the conformational space. This interface offers a versatile environment not only for the setup and analysis of tCONCOORD simulations, but also for molecular modeling and structure analysis in general. Both tCONCOORD * and the tCONCOORD-GUI † are distributed freely.
Introduction
The prediction of conformational flexibility of bioactive molecules is important for many fields of computational biology and chemistry. Protein function is often coupled to motion ranging from small sidechain movement to reorientations of entire domains. Especially, the binding process of a protein to a ligand or another protein is often associated with significant conformational changes.
1 X-ray crystallography, which is still the major source of structural information of proteins, provides mainly static pictures of a single conformation, even though a number of proteins has been resolved in different conformations, providing insights into protein flexibility directly from experimental data. 2 Structures resolved by NMR-spectroscopy are usually published as an ensemble of conformations that fulfil the experimentally determined restraints and provide more information about protein flexibility. However, the method is still restricted to proteins of limited size.
Because of the difficulties associated with derivation of information about protein flexibility from experiments, many computational approaches have been developed and successfully applied. The CONCOORD method 3 uses a geometry-based approach to predict conformational flexibility from a given input structure, and the recently developed tCONCOORD 4 (t stands for transition) has been successfully applied to predict large conformational transitions of proteins. In this work, we present a newly developed graphical user interface (GUI) for tCONCOORD that substantially facilitates the setup of complex simulations and provides graphical support for tCONCOORD's protein structure analysis. In particular, it allows an interactive, user-defined selection of structure regions that should be treated as fixed or flexible during simulation (for e.g., loop (re)modeling) and manual constraint definition or manipulation (in e.g., a binding pocket or for the structure generation toward a known target). The GUI has been developed in the Python programming language and can be easily embedded as a plugin into the PyMOL Molecular Graphics System. 5 Currently, it is particularly developed as a PyMOL extension and, hence, cannot be straightforwardly integrated into another molecular viewer. However, a Python module is available that provides parsers, manipulating and writing functionalities for all file formats used by tCONCOORD and thus, may serve as an interface to other applications. In the rest of the article, we describe how the GUI is useful for different molecular modeling tasks. We show how various simulation parameters can be changed and a sampling of a small organic compound can be carried out. We furthermore show how the tCONCOORD-GUI assists understanding of interactions in protein structures and how interactions can be interactively switched on and off. We finally present two examples of more complex modeling tasks. In one example, we focus on the enhanced sampling of a substructure, in that case the generation of alternate loop conformation in a protein binding site while the rest of the protein structure remains unchanged. In the second example, we show how artificial constraints can be used to force a simulation to sample closed conformations when starting from an open (apo) conformation.
Simulation Setup
tCONCOORD uses a two-step approach to generate structure ensembles. In a first step, a single input structure is rigorously analyzed and translated into a set of geometrical constraints. This set consists of topological constraints (e.g., bonds, angles, planarities) and noncovalent constraints such as hydrogen bonds, salt bridges, and hydrophobic clusters. For the constraint definition process, tCONCOORD relies on various parameters such as upper and lower bounds for distance constraints and an optimized set of atomic radii. 6 Depending on the particular purpose, simulation parameters can be adjusted and parts of the constraint definition process interactively turned on and off (see Fig. 1A ). "Interactively" here means that the influence of changing certain parameters, e.g., the hydrogen bond desolvation threshold, is immediately visualized such that hydrogen bonds that are affected are displayed in a different color and listed in a different table (see Fig. 2 ). Because the constraint definition process usually takes only a few seconds, it can also be run several times with different parameters and the results be displayed with the GUI.
If all interaction flags are switched off, only bonds, angles, planarities, and chirality constraints are defined. Generating structures from a protein chain with these settings yields an ensemble of random coil structures. However, the utility of this flexibility in the constraint definition process becomes more evident when applied to small organic molecules.
Conformational ensembles of organic compounds (Fig. 1B ) are needed to determine whether an accessible conformation matches an existing pharmacophore model and, hence, complies with the minimum prerequisite of a potential inhibitor. Because the bioactive conformations of ligands often lie several kcal/mol higher than their respective global minima 7 and tend to be more extended, 8 the definition of noncovalent intramolecular interactions for organic compounds is usually not recommended and serves as an example where the user might want to switch off constraints in the tCONCOORD-GUI to prevent the exclusion of parts of the conformational space.
For the conformational sampling of macromolecules, e.g., proteins, tCONCOORD provides multiple options that determine the sampling properties of the generated ensemble, including the definition of position constraints, flexible parts, exclusions and manually added constraints, which can be easily controlled by the GUI. The rest of the article describes selected application examples.
Structure Analysis
The three-dimensional structure of proteins is determined by many interactions, such as covalent bonds, hydrogen bonds, and the hydrophobic effect. Although during most conformational transitions the local structure remains intact, it was found that conformational changes of proteins are often associated with opening of one or more hydrogen bonds. Because detection of these unstable hydrogen bonds is essential for protein flexibility prediction, we have developed a method to identify such unstable hydrogen bonds based on their local environment. 4 The method rests on estimating the likelihood for the hydrogen bond to be attacked by water molecules. Irrespective of the geometry in the input structure, a hydrogen bond that can be attacked by water molecules is more likely to open than a hydrogen bond that is shielded by hydrophobic residues. [9] [10] [11] [12] In the constraint definition process in tCONCOORD, we calculate a solvation score for each hydrogen bond. If this score exceeds a predefined threshold, the hydrogen bond is labeled as unstable and not included as a geometrical constraint. Thus, in the subsequently generated ensemble these hydrogen bonds are not necessearily conserved.
The tCONCOORD-GUI allows to load the results of the constraint definition process and to visualize the defined constraints (see Fig. 2 ). The structure is displayed in a PyMOL window controlled by the tCONCOORD-GUI. A protein chain is thereby represented as a simplified C α model for clarity. Different kinds of interactions are represented as colored arrows. Moreover, each interaction is listed in a table and detailed information, e.g., hydrogen bond geometries or energies, is displayed in a text field. Hydrogen bonds that are not taken into account because of high solvation probabilities are also displayed. The threshold can be changed interactively to enable the user to thoroughly study all hydrogen bonds and to set up simulations with different thresholds.
Depending on the particular question, it might be useful to switch off interactions, e.g., to study the influence of a certain hydrogen bond on the conformational flexibility. The tCONCOORD-GUI therefore allows to interactively influence the constraint definition process by selectively enabling and disabling interactions.
Enhanced Sampling of Substructures
Structure-based drug design (SBDD) has been shown to be more effective when protein flexibility is taken into account. [13] [14] [15] [16] [17] However, in most cases not the flexibility of the whole protein, but rather, a part of the structure, e.g., the binding site, is of interest. tCONCO-ORD therefore provides the possibility to define position constraints for a group of atoms the coordinates of which remain unchanged in all generated structures. Moreover, a group of atoms can be defined for which only primary structure constraints are defined which yields extensive sampling of the conformational space. Both the definition of position constraints and of flexible parts are useful features for enhanced sampling of protein parts, e.g., a loop in a binding site.
tCONCOORD uses Gromacs 18, 19 index files for defining position constraints and flexible residues. Because PyMOL provides a much more elaborate way of selecting atoms than the make_ndx program from the Gromacs suite, we developed an interface that allows to translate PyMOL selections into Gromacs index files and vice versa. This interface-which might also be of interest for the Gromacs community-for instance, provides an easy way of defining a binding site by simply selecting all residues around a certain distance to the ligand or by mouse-clicking.
As an example for a local sampling, we chose staphylococcal nuclease that has a flexible loop as part of its binding site (blue in Fig. 3B ). We use the GUI to generate two index groups (Fig.  3A) , one containing the loop atoms, and the other one containing the rest of the system. For the second group, which should be kept fixed, we define position constraints. The first group containing the loop atoms, we define as flexible to ensure exhaustive sampling. When all definitions are finished, the GUI writes all necessary input files and runs the constraint definition program with the appropriate command line options. Hence, the user does not need to have any detailed knowledge about running tCONCOORD from the shell; all calls to tCONCOORD programs are carried out by the GUI. The sampling itself, which can take several hours depending the system size on the number of structures to be generated, is started as a thread which means that the process continues when the GUI or PyMOL are closed. When the sampling is finished, the simulated ensemble can be directly loaded into the PyMOL viewer.
Together with the GUI, tCONCOORD can also be used to insert missing residues. Thereby, the missing sequence is translated to 3D coordinates and inserted at the appropriate position in the protein chain. Subsequently, an ensemble of structures is generated with sterically correct conformations of the missing sequence with respect to the resolved part of the protein. Thus, aided by the GUI, tCONCOORD can be used for both remodeling of structure fragments as well as for the de-novo modeling of missing residues as, e.g., loops.
Biased Sampling
Conformational sampling can be a time-consuming task, depending on the dimensionality of the conformational space and the conformational flexibility of the system. In tCONCOORD, we have therefore implemented the possibility to perform biased sampling simulations by imposing artificial constraints-either from knowldege or intuition or otherwise-that can be defined with graphical support. Figure 4 shows an application of a biased tCONCOORD sampling of archeoglobus fulgidus osmoprotection protein (PROX). Upon ligand binding PROX undergoes a large conformational change, which has been classified as hinge-bending [D-h-2] motion. 2 The interdomain angle changes as much as 55.1
•1 from the unbound state (Fig. 4A) to the ligand-bound state (Fig. 4B) . The backbone RMSD between the two conformations is 5.0 Å.
If we take the apo (unbound, open) conformation as input for a tCONCOORD sampling we obtain, due to the pronounced conformational flexibility, an ensemble that covers a large conformational space, containing both open and closed conformations and a large variety of twisted conformations. The probability of finding a conformation with a backbone RMSD smaller than 2 Å to the holo (ligand-bound, closed) conformation is only 0.2%.
Therefore, if we are interested in in predicting holoconformations based on the apo structure and if prior knowledge is available that the structure closes upon ligand binding, it is of interest to carry out a simulation with a directed bias toward sampling closed conformations with higher probability. To set up such a biased sampling, we can use the tCONCOORD-GUI to impose Projection on the two eigenvectors with the largest eigenvalues of a principal components analysis (PCA) carried out on the combined ensemble. The biased ensemble (black) covers only a subset of the conformational space sampled by the unbiased ensemble (red). The projection of the X-ray structures of the apo (green) and holo conformation (blue) are also shown. Right: RMSD to the apo (x-axis) and holo (y-axis) structure. The probability of finding a conformation with an RMSD < 2 Å to the holo conformation increases 5-fold for the biased ensemble.
additional constraints on the system. In this example, we used two residues from each domain and defined constraints such that in the generated ensemble the distance between these residues is smaller than in the input structure. Here, the selection of suitable residues on which the artificial constraints are imposed was guided by prior knowledge of the holo conformation. Similarly, information about distances between certain residues could also be obtained from other experimental data, e.g., from FRET experiments, EPR, or NMR.
The definition of artificial constraints is straightforward. We use the GUI to select the two pairs of residues and define two index groups. Afterward, constraints between these groups can be defined and displayed as arrows in the PyMOL viewer (Fig. 4C) .
The GUI writes the appropriate input files for the structure generation program, which can be either started directly from the GUI or from the command line.
The sampling properties of the resulting ensemble differs significantly from the unbiased ensemble. In the left graph of Figure 5 , the projection on the two eigenvectors with the largest eigenvalues of a principal components analysis (PCA) carried out on the combined ensembles is shown. Each dot in this plot represents a single structure. The projection of the two X-ray structures are shown in green (apo) and blue (holo). The unbiased tCONCOORD ensemble is represented by red triangles, whereas the ensemble from the biased tCONCOORD run is shown in black. It can be seen that the biased ensemble only samples a subset of the conformational space covered by the unbiased ensemble. The plot on the right in Figure  5 shows the RMSD of each structure to the apo (x-axis) and the holo (y-axis) structure. Again, we see that the artificial constraints imposed in the biased sampling cause a shrinking of the available conformational space. Although the probability of finding a conformation with an RMSD lower than 2 Å to the holo conformation is only 0.2% in the unbiased ensemble, it increases 5-fold to 1.0% in the biased ensemble.
Conclusions
We have described a graphical user interface for tCONCOORD that allows better understanding and control of the constraint definition process and the structure analysis. We showed how tCONCOORD-GUI enables a wide range of applications ranging from generating ensembles of organic compounds, generation of loop conformations to a biased sampling of potential induced-fit conformations when starting from an apo structure. In addition, tCONCOORD-GUI substantially facilitates the setup of complex molecular modeling tasks through straightforward selection of atoms via PyMOL, automatic generation of input files and the graphical representation of the constraint definition process.
